Mast cells are in close proximity with nerves in various tissues including the skin, intestine, lung, heart, and dura mater in which actual membrane-membrane contacts were formed. [1] [2] [3] Functional communication between mast cells and nerves has been shown to occur in physiological and pathological situations. In fact, psychological stress appears to activate mast cells and can exacerbate inflammatory responses. 4) Dermal contacts between mast cells and nerves were increased in number in atopic dermatitis and since mast cells are also increased in number, they are able to maintain neurogenic inflammation through activation by substance P. 5) The most direct evidence available for a bidirectional interaction has been obtained in a co-culture approach of mast cells and superior cervical ganglion (SCG) neurons. Our previous results showed that SCG neurite or mast cell (rat basophilic leukemia (RBL) cell line and bone marrow-derived mast cells (BMMCs)) activation can result in activation of the reciprocal cell type in the absence of any modulating or transducing effects of an intermediary cell. [6] [7] [8] In addition, we found that N-cadherin was involved with the contact formation between nerves and mast cells in collaboration with bcatenin. 9) However, it remains to be unclear how nerves influence responsibility to antigen in mast cells.
In the present paper we have studied the calcium responses and FceRI expression in BMMCs which were co-cultured with SCG neurites in vitro. Mast cells are classified into two types. One is mucosal and another is connective tissue types. Both RBL cells (cultured mast cell lines) and BMMCs (primary cultured mast cells) belong to mucosal type mast cells. However, RBL cells are much more adhesive than BMMCs and would like to non-specifically stick to the supported matrigel-coated plate of glass dishes. RBL cells also have a malignant feature. In addition, nerves most commonly associated with mast cells in vivo contain substance P.
1) Therefore, we used an in vitro co-culture approach comprising SCG and BMMCs to study calcium responses and FceRI expression in BMMCs which were associated with SCG neurites. The results gave useful information for calcium responses and FceRI expression in BMMCs when the co-culture approach was done between nerves and mast cells.
MATERIALS AND METHODS

Cell Cultures
BMMCs were obtained by culturing bone marrow cells from 10-15 week-old female BALB/c mice (Japan SLC, Shizuoka) in DMEM supplemented with 10% fetal calf serum (FCS) (Roche, Mannheim), 0.1 mM nonessential amino acids (Invitrogen, Carlsbad, CA, U.S.A.), 100 U/ml penicillin, 100 mg/ml streptomycin, and 10 ng/ml recombinant mouse IL-3 (Genzyme Tech, Minneapolis). 9) Following a protocol described previously, SCG were dissected from newborn (within 48 h old) BALB/c mice (Japan SLC, Shizuoka). [6] [7] [8] [9] The neurons were plated on the matrigel-coated plate of 35 mm glass dishes in diameter (Matsunami, Osaka) and maintained in F-12 medium (Invitrogen) supplemented with 0.2 mM L-glutamine, 0.3% glucose, 3% antibiotic/antimycotic, 10% FCS, and 50 ng/ml nerve growth factor (NGF) (Upstate Cell Signaling Solutions, Lake Placid, NY, U.S.A.). Nonganglionic cells were killed by an initial exposure to 2 mM cytosine-b-D-arabinofuranoside (Ara-C) for 24 h. For co-culture, BMMCs (5ϫ10 4 cells/dish) were added to 2 to 3 d-old cultures of SCG neurites and incubated in F-12 medium including 10 ng/ml IL-3. After 72 h (or 40 min) of co-culture, 35 mm matrigel-coated glass dishes mentioned above were washed gently three times with 1 ml of the warmed (37°C) F-12 medium containing 10 ng/ml IL-3. In this procedure first the co-culture buffer (F-12 medium with 10 ng/ml IL-3) was pipetted by 1 ml from the matrigel-coated dishes and again 1 ml of new buffer solution was gently added to the dishes. We repeated these procedures three times and finally we obtained about 3 ml buffer solution containing non-associated BMMCs in a sterile tube. The cells were centrifuged at 1000 rpm for 5 min and were resuspended into 1 ml of fresh F-12 medium with 10 ng/ml IL-3. Thereafter we plated non-associated BMMCs on new sterile glass dishes. Remaining BMMCs in the co-culture dishes were designated as the associated ones. Both associated and non-associated BMMCs with SCG neurites were observed by conventional (Argus/HiSCA; Hamamatsu Photonics, Hamamatsu) and confocal (LSM-510; Zeiss, Oberkochen) fluorescence microscopes.
Calcium Ion Concentration To study the [Ca 2ϩ ] i in BMMCs, mouse anti-DNP IgE and fura-2 AM (Dojindo, Kumamoto) were loaded to BMMCs for 30 min at 37°C, and then the cells were washed twice with Hepes buffer (10 mM Hepes (pH 7.2), 140 mM NaCl, 5 mM KCl, 0.6 mM MgCl 2 and 1 mM CaCl 2 , 0.1% bovine serum albumin (BSA), 0.1% glucose, and 0.01% sulfinpyrazone). BMMCs were stimulated with antigen (DNP 7 -BSA; 0.4 mg/ml). Fluorescence microscopic images were observed with an excitation wavelength of 340 nm or 360 nm and an emission wavelength of 500 nm using a conventional fluorescence microscope Argus/HiSCA (Hamamatsu Photonics, Hamamatsu) at 37°C. The [Ca 2ϩ ] i was calculated from the ratio (F340/F360) of Fura-2 fluorescence intensity according to the equation proposed by Grynkiewicz et al.
10)
Immunostaining To observe FceRI by immunostaining, BMMCs were treated with Syrian hamster anti-FceRI (a subunit) antibody (10 mg/ml; Seikagakukogyo) at 4°C and then they were treated with FITC-conjugated goat anti-Syrian hamster antibody (30 mg/ml; Seikagakukogyo, Tokyo) at 4°C. Confocal laser scanning microscopy (CLSM) was done using a confocal laser scanning microscope (LSM-510; Zeiss, Oberkochen). FITC fluorescence was observed using excitation and emission wavelengths of 488 nm and Ͼ505 nm, respectively. 9, 11) Statistical Analysis Data were presented as meanϮS.E. and were analyzed by Student's t-test. pϽ0.01 was accepted as a level of statistically significant difference. ] i at 72 h-co-culture were around 300-500 nM and some of them reached 800-1000 nM as shown in Fig. 1B(c) Figs. 1A(d) , B(d) were almost similar to those by the control (without SCG neurites). This indicated that the calcium responses increased in BMMCs when the cells were co-cultured with the neurites and attached to them. That is, the responsiveness to antigen in BMMCs was enhanced by the direct association with SCG neurites.
It is known that the FceRI is required for mast cells to initiate IgE-mediated allergic reactions because deficient mice in FceRI a subunit fail to exhibit allergic reactions even in the presence of antigen.
12) It was also shown that the expression of FceRI in mast cells might be regulated by some extracellular factors, and that the response to antigen was enhanced by a higher level of FceRI in mast cells. 13, 14) To understand how the neurite association has an influence on FceRIs in BMMCs, we have studied the expression of FceRI on the membranes of BMMCs by immunostaining of FceRI (a subunit). The expression of FceRI was much higher in BMMCs when the cells were co-cultured with the neurites for 72 h and associated with them as shown in Fig. 2A(b) . However, the expression of FceRI in BMMCs did not increase largely when the mast cells were not associated with the neurites even if they were co-cultured with SCG neurites for 72 h (see Fig. 2A(c) ). Figure 2A(a) shows the control experiment where BMMCs were not co-cultured with the SCG ] i in BMMCs after the addition of antigen (DNP 7 -BSA; 0.4 mg/ml), which were not co-cultured with the SCG neurites (a), which were co-cultured with the neurites for 40 min and were associated with them (b), which were co-cultured with the neurites for 72 h and were associated with them (c), and which were co-cultured with the neurites for 72 h but were not associated with them ] i in BMMCs after the addition of antigen, which were not co-cultured with the SCG neurites (mean; 154Ϯ12 nM) (nϭ60) (a), which were co-cultured with the neurites for 40 min and were associated with them (mean; 232Ϯ23 nM, pϽ0.01 compared with (a)) (nϭ42) (b), which were co-cultured with the neurites for 72 h and were associated with them (mean; 390Ϯ35 nM, pϽ0.01 compared with (a)) (nϭ41) (c), and which were co-cultured with the neurites for 72 h but were not associated with them (mean; 130Ϯ13 nM) (nϭ41) (d).
neurites. These results were well consistent with the [Ca 2ϩ ] i increases to the antigen stimulation in BMMCs. In addition, the surface expression of FceRI (a subunit) did not increase in BMMCs for the 40 min-preculture even if BMMCs attached to the neurites. This means the protein synthesis of FceRI was not enough to occur within 40 min. Figure 2B shows the distribution of FceRI on the membranes of BMMCs which were attached to the neurites for 72 h (b) or not (c). FceRI increased in BMMCs when they were co-cultured with the neurites for 72 h. Here, Fig. 2B(a) shows the distribution of FceRI in the plasma membranes of BMMCs without the neurites (a control experiment). On the contrary, N-cadherin molecules, which play a role in the contact formation between nerves and mast cells, 9) localized within 40 min on the interface between the plasma membrane of BMMCs and SCG neurites but they did not increase with the co-culture of further 3 d (data not shown). All of these results also suggested that the expression of FceRI became higher in BMMCs when the mast cells were co-cultured with the neurites for 72 h and associated with them.
DISCUSSION
With the close proximity of mast cells and nerves to blood vessels in most tissues, these components may be considered as an important functional unit in neurogenic inflammation. Communication between mast cells and neurons seems to be bidirectional one and can occur in the absence of an intermediary transducing cell. [6] [7] [8] [9] Neuropeptides such as tachykinins and calcitonin gene-related peptide from neurons induced degranulation in mast cells, and a variety of molecules from mast cells influenced neuronal activity. In addition, it is known that the microenvironment in our body is an important determining factor in the feature of mast cells, acting through both bound and soluble components. 15) For mast cells in the vicinity of the nerves, it is possible therefore that membrane proteins on the mast cells may bind or recognize to elements derived from nerves and that this may trigger signals to lead to change a mast cell feature. Actually it was shown that contact with nerve membrane might be a developmental cue leading to maturation of mast cells without changing their phenotype. 16) We demonstrated here that the association with SCG neurites enhanced the response to antigen in BMMCs through the calcium responses and the increase in expression of FceRI (a subunit). This suggested that the mast cells associated with the neurites were able to not only be activated by substance P released from the neurites but also to respond to antigen even if the concentration of IgE against specific antigen was lower. The physiological relevance and molecular mechanism in the present results need to be defined, but clearly such augmentation of the responsibility to antigen in mast cells associated with neurons must be important not only in health but also in the many conditions in which nerves and mast cells have been implicated, including mucosal inflammation, hypersensitivity/allergic reactions, and hyperalgesia. were not co-cultured with the neurites (a), which were co-cultured with the neurites for 72 h and were associated with them (b), and which were co-cultured with the neurites but were not associated with them (c). White barsϭ10 mm. (B) The distribution of the relative fluorescence intensities of FceRI (a subunit) on BMMCs which were not co-cultured with the neurites (mean; 16.4Ϯ1.2) (nϭ33) (a), which were cocultured with neurites for 72 h and were associated with them (mean; 29.2Ϯ2.7, pϽ0.01 compared with (a)) (nϭ26) (b), and which were co-cultured for 72 h with neurites and were not associated with them (mean; 17.8Ϯ1.5) (nϭ25) (c).
